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Ultrafast dynamics are generally investigated using stroboscopic pump-probe measurements,
which characterize the sample properties for a single, specific time delay. These measurements
are then repeated for a series of discrete time delays to reconstruct the overall time trace of the pro-
cess. As a consequence, this approach is limited to the investigation of fully reversible phenomena.
We recently introduced an off-axis zone plate based X-ray streaking technique, which overcomes
this limitation by sampling the relaxation dynamics with a single femtosecond X-ray pulse streaked
over a picosecond long time window. In this article we show that the X-ray absorption cross section
can be employed as the contrast mechanism in this novel technique. We show that changes of the
absorption cross section on the percent level can be resolved with this method. To this end we
measure the ultrafast magnetization dynamics in CoDy alloy films. Investigating different chemical
compositions and infrared pump fluences, we demonstrate the routine applicability of this technique.
Probing in transmission the average magnetization dynamics of the entire film, our experimental
findings indicate that the demagnetization time is independent of the specific infrared laser pump
fluence. These results pave the way for the investigation of irreversible phenomena in a wide variety
of scientific areas.
A. Introduction
Femtosecond time resolved experiments employing
advanced X-ray probe techniques have been realized
in a wide variety of scientific domains since the ad-
vent of ultra-short-X-ray-pulse sources such as femtoslic-
ing, high harmonic generation and X-ray Free Elec-
tron Lasers (XFELs). Research activities range from
the investigation of fundamental processes in gas phase
experiments1–3 to the observation of structural rear-
rangement in biological macromolecules using novel time
resolved crystallography techniques4,5. In condensed
matter physics, the availability of ultrashort X-ray pulses
has allowed to probe ultrafast charge, spin and lattice dy-
namics with chemical selectivity and nanometer spatial
resolution6–10.
A significant number of these time resolved experi-
ments investigate the relaxation dynamics following an
externally induced excitation, which is typically realized
by an ultrashort infrared (IR) pump pulse. To charac-
terize these dynamics, the probe signal is generally ob-
tained by accumulating statistics over repetitive pump-
probe cycles for a specific delay. The advent of XFELs
promised to overcome this need of signal accumulation
due to their high pulse intensity, their temporal coher-
ence, their femtosecond pulse duration and due to the
strong sensitivity of X-ray probe techniques. The feasi-
bility of such X-ray single-shot probing has indeed been
demonstrated11. Nevertheless, the pump-probe cycle has
to be repeated for different time delays to reconstruct the
overall time evolution of the relaxation dynamics from
these individual measurements. As a consequence, iden-
tical experimental conditions must be reestablished for
each pump-probe cycle, which may be compromised due
to practical aspects such as the reproducibility of the
pump and probe parameters. In addition, temporal jit-
ter between pump and probe pulses limits the achievable
time resolution in such experiments. Finally, a funda-
mental restriction concerns the reversibility of the ex-
citation process itself and of the sample’s initial state,
limiting the application of pump-probe techniques to the
investigation of fully reversible ultrafast dynamics.
We recently demonstrated a novel experimental ap-
proach, which overcomes these restrictions by continu-
ous probing of a relaxation process with a single X-ray
pulse12. For this we employ an off-axis Fresnel zone plate
to stretch an incoming X-ray pulse while introducing at
the same time an angular encoding of the arrival time
of the X-rays. In our previous work, we have performed
such an X-ray streaking experiment in a reflection geome-
try and used the resonant transverse magneto optic Kerr
effect (T-MOKE) to follow the ultrafast magnetization
dynamics in a thin transition metal film12. Since reso-
nant T-MOKE provides a very strong magnetic dichro-
ism (40% in our case12), it was ideally suited for a first
feasibility demonstration. On the other hand, this exper-
imental geometry can only be employed to study quan-
titatively the magnetization dynamics, and is limited to
probing surface phenomena in materials exhibiting an in-
plane magnetization.
ar
X
iv
:1
81
1.
05
91
7v
1 
 [c
on
d-
ma
t.m
trl
-sc
i] 
 14
 N
ov
 20
18
2To demonstrate a broader applicability of this X-ray
streaking technique we are reporting here a further de-
velopment where an off-axis zone plate is used to gen-
erate a tilted wave front as a probe for X-ray absortion
spectroscopy. Specifically, we use the X-ray Magnetic
Circular Dichroism (XMCD) effect13,14 in transmission
to follow the magnetization dynamics in thin CoDy al-
loy films exhibiting out-of-plane magnetization. Our re-
sults demonstrate that signal variations of a few percent
level can be resolved. It suggests that an absorption
spectroscopy based X-ray streaking is suitable for the
investigation of ultrafast dynamics in a variety of other
fields15–17.
Since the discovery of laser-induced ultrafast demag-
netization by Beaurepaire et al18, intense research to un-
derstand what is driving this phenomenon have been per-
formed, leading to an other discovery of technological rel-
evance: the possibility of single shot all optical switching
in transition metal (TM) - rare earth (RE) alloys19. In
order to better understand what is the influence of the
RE elements on the dynamics of the TM, we have com-
pared the magnetization dynamics of two CoDy alloys
with different chemical compositions. In this study, we
find that for higher Dy concentration the initial quench-
ing observed at the Co site is slower, but reaches a higher
degree of demagnetization. Furthermore, for each alloys,
varying the pump fluence does not affect the time scale
of the initial magnetization quenching.
B. Experiment
The experiment has been realized at the DiProI end
station20 of the seeded XUV-FEL FERMI at Elettra,
Trieste21, which provides femtosecond short X-ray pulses
with full polarization control. The experimental layout
of our zone plate based X-ray streaking experiment is
shown in Fig. 1 (a). The off-axis zone plate is the same
as used in our previous experiment12. To overfill its 4.84
mm square aperture, the beamline focus was moved far
behind the sample position by releasing the bend of the
KB mirrors, producing a nearly collimated beam. The
converging positive first order of the zone plate passes
through the sample and its intensity distribution is col-
lected by a CCD camera (so-called sample-camera af-
terwards). Note that the photons detected at the bot-
tom end of the sample-camera (yellow line in Fig. 1 (a))
have traveled a longer path than those arriving at the
top of the camera (green line in Fig. 1 (a)). Their arrival
time difference at the zone plate focus (∆t = 1.57 ps) is
proportional to the product of the number of zone pairs
(23,000) and the X-ray wavelength (20.5 nm). The time
evolution of the measured signal is therefore given by the
intensity variations between those two points.
The sample is positioned in the vicinity of the focus of
the positive first diffraction order. This allows for con-
trolling the X-ray fluence on the sample to avoid X-ray
induced modifications, while limiting the different optical
FIG. 1. (a) Sketch of the experimental setup. (b) Inten-
sity distribution of a single X-ray pulse recorded by the sam-
ple camera (converging first order, after passing through the
Co76Dy24 thin film sample) and reference camera (diverging
first order) with (pumped) and without (unpumped) IR laser
excitation.
path, i.e. time delays, to probe different sample areas. A
precise calibration of the time axis is obtained by vary-
ing the delay between IR and X-ray pulses. A permanent
magnetic field of ±250 mT is applied to reset a single do-
main state after each pump-probe event.
To characterize the shot to shot variations of the spa-
tial intensity distribution of incident X-ray pulse, a sec-
ond CCD camera (reference-camera) is used to record
the diverging negative first order. For a single X-ray
pulse, two images are therefore recorded simultaneously:
the signal characterizing the observed dynamics is en-
coded in the intensity variation of the sample-camera
image; and the normalization with respect to the inci-
dent intensity distribution is provided by the simultane-
ously recorded image of the reference-camera. The higher
diffraction orders of the diffractive element are spatially
filtered along the beam path from the zone plate to the
detector in order to minimize their contamination at the
sensor plane.The respective zone plate to CCD camera
distances have been chosen such that the pixel size does
not limit the achievable time resolution and that com-
parable magnifications are obtained for both cameras,
which simplifies data analysis. Aluminum filters have
been placed in front of both cameras to block the IR
transmitted/scattered after the sample. In order to get
the same XUV contrast on both camera, the Al filter in
front of the reference-camera is much thicker than the
one in front of the sample-camera.
The images in Fig. 1 (b) show two pairs of single X-
ray pulse images recorded by the reference- (top line)
and sample-camera (bottom line). The two images in
the left column were recorded with IR pulse excitation
(pumped), while no excitation was applied in case of the
right column (unpumped). Comparing the pumped and
3unpumped raw images, there are no clear evidences of
a pump pulse induced evolution of the magnetization.
However, as demonstrated in the next section, starting
from these four images an appropriate normalization pro-
cedure yields an image that clearly reveals the signa-
ture of the laser-pulse-induced ultrafast magnetization
dynamics (Fig. 2).
The measurements reported in this article have been
performed on 50 nm thick Co1−xDyx alloy films, which
were deposited by magnetron sputtering on 30 nm thin
Si3N4 membranes. A seed layer of 3 nm of Ta and 5 nm
of Pt was used and the film was capped with a 5 nm thick
Pt layer to prevent oxidation. Two different alloy compo-
sitions were investigated: Co86Dy14 and Co76Dy24. At
room temperature, both films exhibit a magnetic out-
of-plane anisotropy and a square hysteresis loop with a
coercive field of 100 mT for Co86Dy14 and 200 mT for
Co76Dy24.
To realize a jitter free IR-pump/XUV-probe measure-
ments, a fraction of FERMI’s IR seed laser was used to
excite the sample. As shown previously20, this yields
sub 10 fs jitter between IR- and XUV pulse arrival time
and repetitive, accumulative measurements can be real-
ized without significant degradation of the overall time
resolution. The wavelength of the linearly polarized IR
pulses was centered at 780 nm and the pulse length is
about 100 fs. The IR laser spot size at the sample po-
sition was measured, thanks to phosphor paint, to be
about 500 x 400 µm2 (FWHM). To reach the typical op-
tical intensity range inducing sizable effects on magnetic
response an IR pulse from 5.5 to 55 µJ was used.
The photon energy of the circularly polarized XUV
pulses was tuned to 20.5 nm to match the magnetically
dichroic M2,3 absorption edge of Co (see note
22). Us-
ing the 12-th harmonic of the seed laser, the XUV pulse
length is expected to be about 70 fs23. The XUV spot
size in the sample plane was measured to be ≈ 150 x 100
µm2 (FWHM), thus probing a homogeneous part of the
IR pumped area. The XUV intensity at the sample plane
was set far below the excitation regime11.
C. Results
The as-recorded images shown in Fig. 1 exhibit very
strong intensity fluctuations, which outweigh the signal
variations from the IR-excitation-induced magnetization
dynamics. These fluctuations have three origins: the spa-
tially inhomogeneous intensity distribution of the inci-
dent XUV pulse; inhomogeneities in the XUV diffraction
of the zone plate; and the thickness variations of the Al
filter protecting the CCD cameras against the IR pho-
tons of the pump pulse. These filter thickness variations,
in particular for the thicker Al filter of the reference-
camera, introduce substantial differences between the
pattern recorded by sample and reference cameras. In
FIG. 2. Treated transmission signal image (see text) reveal-
ing the IR-pulse-induced magnetization dynamics of a thin
Co76Dy24 film in the presence of an out-of-plane applied field
of 250 mT and an IR pump pulse intensity of 55 µJ. (a) The
signal of 500 pump-probe cycles was accumulated to obtain
a high signal-to-noise image. The dashed blue line indicates
pump-probe time overlap. (b) Signal image obtained from a
single pump-probe event. (c) Azimuthally integrated radial
intensity of the signal images projected onto the time delay
axis (red for 500 shots, green for single shot) normalized by
the unpumped intensity.
addition, the zone plate diffracted images show artifacts
due to stitching errors from the zone plate fabrication
process, which give rise to phase contrast in the far field
plane of both CCD cameras.
To extract the signature of the magnetization dynam-
ics from the pumped image, we have to employ back-
ground images recorded by the two cameras without
XUV probe pulse, and with and without IR pump pulse.
These images have to be recorded each time there is any
experimental change in parameters. A complete data set
is thus composed of eight images, the four shown in Fig. 1
and four background pictures without XUV probe pulse.
The applied procedure to extract the desired signal con-
sists of first background correcting each XUV camera im-
age and then normalizing for each camera the pumped
by the corresponding unpumped image. This normalized
image of the sample camera is then divided by the one of
the reference camera to get the final signal map, whose
intensity variation exhibits the IR-pulse-induced magne-
tization dynamics.
Final signal maps obtained by this procedure are
shown in Fig. 2. These are recorded by transmission of
the XUV probe pulse through a thin Co76Dy24 film un-
der the presence of an out-of-plane magnetic field of 250
mT. The IR pump pulse intensity was 55 µJ. The image
in Fig. 2 (a) is obtained by accumulating the signal for
4500 pump-probe cycles, while a single pump-probe cycle
yielded the image shown in Fig. 2 (b). The pump-probe
delay axis proceeds mainly in the horizontal direction
from left to right. The IR-pulse-induced magnetization
dynamics is clearly visible in both images as an abrupt
color change, which sets in right after temporal overlap
between IR pump and XUV probe pulses (dashed blue
line).
X-rays diffracted from the same area of the zone plate
probe the same delay thus their signal can be averaged
using an angular integration (e.g., along the dashed blue
line for zero delay). This yields the projection of the sig-
nal onto the pump-probe time delay axis shown in Fig. 2
(c) for the accumulation of 500 shots (red) and the single
shot measurement (green). These intensities are normal-
ized by the unpumped signal and are therefore equal to 1
before time 0. The good signal to noise ratio of the single
shot measurement underlines the potential of this tech-
nique. In this particular configuration of circular polar-
ization and magnetic field orientation, the laser-induced
demagnetization leads to a signal increase reflecting the
expected rapid quenching of the magnetization.
The two delay curves exhibit overall identical shapes,
which underlines the reversibility of the laser-induced de-
magnetization process. The slightly lower degree of de-
magnetization observed in the single shot measurement
suggests a lower IR pump fluence. This may be caused
by shot-to-shot fluctuations of the pump laser intensity,
or by pointing fluctuations of the XUV probe pulse al-
tering the probed sample area with respect to the IR
pump pulse. Note that single shot measurements over-
come these limitations, emphasizing the relevance of this
technique even when studying reversible processes.
Measuring magnetization dynamics for opposite direc-
tion of externally applied magnetic field allows to quan-
tify the degree of the demagnetization dynamic. Figure 3
(a) shows the result of such a measurement, non normal-
ized by the unpumped signal, which has been performed
on a Co76Dy24 film by averaging 500 pump-probe cycles
and an IR pump pulse intensity of 55 µJ. The blue and
red curves show the temporal evolution of the transmit-
ted XUV intensity for opposite out-of-plane field direc-
tions. The logarithmic of these curves give the absorption
µ±, and the difference between the two absorptions, µ−
and µ+, gives the XMCD intensity (Fig. 3 (b)), which is
directly proportional to the film’s magnetization24. For
negative delays, the separation between those two curves
represents the unperturbed magnetization of the film’s
ground state, while the laser-induced ultrafast demagne-
tization leads to a reduction of this separation. In or-
der to disentangle the electronic and magnetic dynamic
of the film we use conventional analysis for dichroic re-
sponse: where the average curve (shown by the black line
in Fig. 3 (a)) takes into account for the electronic excita-
tion while the logarithm of the ratio of those two curves
collected with different orientation of the magnetic field,
FIG. 3. (a) Non normalized transmitted intensity as a func-
tion of pump-probe time delay recorded on a Co76Dy24 film
by averaging 500 pump-probe cycles (IR intensity of 55 µJ).
A static out-of-plane magnetic field of 250 mT was applied in
positive (red) and negative (blue) direction. The black curve
shows the arithmetic average of the two signals. (b) The log-
arithm of the ratio of the blue and red curves in (a) gives the
temporal evolution of the XMCD signal.
i.e. XMCD signal, represent the magnetization dynamic
(Fig. 3 (b)). The nearly constant value of the average
curve in Fig. 3 (a) shows that in this pumping regime
the electronic response is almost negligible, while most
of the sample response is due to the reduction of the
XMCD signal. The laser-pulse-induced reduction of the
XMCD amplitude indicates a demagnetization degree of
about 50%.
Looking at the noise level of the single shot data in
Fig. 2 (c) we can quantify our experimental detection
limit to correspond to a 2% change in magnetization,
which highlights the high sensitivity of this single shot
technique. For multiple data exposure, the detection
limit can be as low as 0.7%25.
The normalized demagnetization curves recorded on
Co76Dy24 and Co84Dy16 for different IR pump fluence
values are shown in Figure 4. To facilitate the compar-
ison we plot the degree of demagnetization (∆M/M0),
which increases as expected with increasing pump fluence
for each film. Comparing the results obtained for the two
5FIG. 4. Normalized demagnetization dynamics as a function of pump fluence recorded (a) on Co76Dy24 (500 shots accumulated)
and (b) on Co86Dy14 (50 shots accumulated). (c) Degree of demagnetization as a function of the employed IR laser fluence for
Co76Dy24 (black squares) and Co86Dy14 (red circles). The lines are a linear fit.
films we note that the film with higher Co concentration
(Co84Dy16) exhibits a weaker demagnetization for equiv-
alent IR pump intensity. Note that the relative IR pump -
XUV probe alignment was verified in both cases. The re-
lationship between IR pump fluence and achieved degree
of demagnetization is shown in Fig. 4 (c). The achieved
degree of demagnetization increases for each film linearly
with IR pump fluence over the sampled range of up to
50% of demagnetization, which is in agreement with pre-
vious studies on other Co containing TM-RE alloys26–28.
The above mentioned lower degree of demagnetization
for higher Co concentration is reflected by the different
slopes.
To extract parameters from those demagnetization
curves, we have fitted all data with a two exponential
model29 (equation 1).
dm
dt
= Γ (t)⊗
{
a+ bΘ (t)
[
b+ c ∗ e− tτm − d ∗ e− tτe
]}
(1)
In this equation, Γ (t) is the experimental time resolution,
Θ (t) is the step function, a represents the magnetization
value before time zero (t0), τm represents the charac-
teristic demagnetization time and τe the characteristic
remagnetization time. Since the sampled time window
extends only to 0.6 ps after t0
30, we have fixed the re-
magnetization parameter τe from time resolved MOKE
measurements (not shown).
The experimental data are very well reproduced by
these fits, which are shown by the lines in Fig. 4. Within
the uncertainty of this analysis, we find that for each film
the demagnetization time does not depend on the em-
ployed IR pump fluence. The obtained values are 140±20
fs for Co76Dy24 and 115 ± 20 fs for Co86Dy14, in good
agreement with the work of Ferte´ et al31.
This numerical result can be confirmed visually by scal-
ing the demagnetization curves, measured for different
pump fluences, to equal amplitude as shown for Co76Dy24
in Fig. 5 (a). The absence of any systematic deviation
between these data underlines that the IR pump fluence
does not alter the observed demagnetization time. Figure
5 (b) shows the average of those scaled curves for all the
FIG. 5. (a) Scaled demagnetization curves recorded on
Co76Dy24 for different IR fluence. (b) A comparison between
the scaled curves of Co76Dy24 and Co86Dy14 (average of the
respective fluence data) highlights the slower demagnetization
time of the Dy rich alloy (Co76Dy24).
IR fluences, for Co76Dy24 (black) and Co86Dy14 (red),
emphasizing the presence of a different demagnetization
time scale for different chemical composition.
6D. Discussion
Since the discovery of ultrafast magnetization
dynamics18, intense research efforts have been made to
reveal the underlying mechanism driving the ultrafast
demagnetization6,7,29,32–43. While these studies report
overall very similar magnetization dynamics, one notices
differences in details such as the specific characteristic
time scale of magnetization quenching and partial recov-
ery. These discrepancies may be sample structure re-
lated, but there are also indications that differences in
probing depth of the employed techniques may play a
role44,45. It is in this regard important to note that in
our transmission experiment the entire magnetic layer
is probed. This implies that we are probing the aver-
age magnetization dynamics, regardless of the excitation
profile.
Firstly, our data indicate that degree and time scale
of the magnetization quenching depends on the chemical
composition in CoDy alloys, thereby confirming previ-
ous results on TM-RE alloys. For example, Alebrand
et al.26 show that the efficiency of the magnetization
quenching by optical excitation in the TM-TE ferrimag-
nets TbxCo1−x decreases with increasing TM content.
This variation of the magnetization quenching with sam-
ple composition is related to the Curie temperature de-
pendence on the alloy composition. From the study of
Hansen et al.46 we know that the Curie temperature of
Co76Dy24 is lower than the one of the Co86Dy14. Excit-
ing both samples at room temperature, it means that for
the same amount of deposited energy, the Co76Dy24 alloy
reaches a temperature closer to the Curie temperature.
Moreover, the dependence of the degree of magnetiza-
tion quenching on the fluence can be related to the fact
that for longer time delays, the remaining magnetiza-
tion is proportional to the newly established equilibrium
temperature47. Increasing the pump fluence increases
this new equilibrium temperature and so the transient
magnetization is smaller. The observation of a linear de-
pendence indicates that over the employed fluence range
the system remains far from the Curie temperature48,49.
The lower Curie temperature of the Dy rich sample can
also explain the observed slower demagnetization time
of the TM in the CoDy ferrimagnet alloy. Indeed as
pointed out by Suarez et al.50 and Atxitia et al.51 the
complex demagnetization dynamic of ferrimagnetic films
is strongly related to the concentration of the RE element
that mediate the inter-sublattice exchange strength. In a
phenomenological description, the numerical and analyt-
ical solutions of the Landau-Lifthitz-Bloch equation50,51
show that in such systems the demagnetization time of
the TM element increases as a function of the RE con-
centration, assuming that the temperature remains suf-
ficiently far from the Curie temperature. This consid-
eration is in agreement with what we observe experi-
mentally. In Fig. 5 (b) one notices that when probing
the magnetization dynamics of the TM element a slower
quenching is observed for the Dy rich alloy (Co76Dy24).
We remark that the different compensation temperatures
of our two CoDy alloys seem not to play a role here as
demonstrated previously by Ferte´ et al31.
Secondly, our results clearly demonstrate that for a
given CoDy alloy the demagnetization time does not de-
pend on the excitation fluence. This is in agreement
with previous study where we are probing the magne-
tization dynamics with resonant magnetic small angle
X-ray scattering8,37. However, this finding is in con-
tradiction with results from all-optical pump-probe ex-
periments, which find a clear dependency of the demag-
netization time on the pump fluence34,52–54. The main
experimental difference between our x-ray experiments
and the all-optical experiments is the respective sam-
pling depth. While in all-optical experiments, the dy-
namics are usually probed in reflection, implying that
the dynamics are sampled with exponentially decreasing
sensitivity into the bulk of the film; the entire film is
probed in our transmission geometry. Our findings may
therefore support recent considerations that the probing
depth of the employed techniques should be taken into
consideration45.
The observed fluence independency of the demagneti-
zation time can be understood within the model put for-
ward by Suarez et al.50 and Atxitia et al.51. Their model
predicts only a week fluence dependence of the demagne-
tization time as long as the system is not heated above
the Curie temperature, which is true in our case, as dis-
cussed above. On the other hand, when the temperature
reaches or overcomes the Curie temperature, the situa-
tion changes as reported by simulation50,51 and recent
experimental work31,45.
E. Conclusions
In conclusion, X-ray streaking in transmission geom-
etry has been demonstrated by performing single shot
based time resolved XMCD spectroscopy. This new ex-
perimental technique is sensitive to signal change as small
as 2% and opens the path for the investigation of the dy-
namics of irreversible phenomena in a wide variety of
fields.
Our study on CoDy alloys reveals that when the aver-
age magnetization dynamics over the entire film thickness
is probed the demagnetization time does not depend on
the amount of energy deposited in the sample, but seems
to be intrinsically given by the alloy composition.
Further development of the employed zone plate optic
holds significant potential to further increase the capa-
bilities of this novel technique. First of all, improving
the manufacturing process will reduce the artifacts cur-
rently hampering the achievable signal quality. In ad-
dition, the fabrication of off-axis zone plates with finer
structures will enable to extend the time window. Most
importantly, more complex zone plate schemes can be
envisioned to extend the method to probe, for example,
several absorption edges simultaneously.
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